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ABSTRACT 

We use a sample of radio-loud active galactic nuclei (AGNs) with measured 
^ ■ black hole masses to explore the jet formation mechanisms in these sources. 

Based on the Konigl's inhomogeneous jet model, the jet parameters, such as the 
bulk motion Lorentz factor, magnetic field strength, and electron density in the 
jet, can be estimated with the very long-baseline interferometry and X-ray data. 
We find a significant correlation between black hole mass and the bulk Lorentz 
factor of the jet components for this sample, while no significant correlation is 
present between the bulk Lorentz factor and the Eddington ratio. The massive 
black holes will be spun up through accretion, as the black holes acquire mass 
and angular momentum simultaneously through accretion. Recent investigation 
indeed suggested that most supermassive black holes in elliptical galaxies have on 
average higher spins than the black holes in spiral galaxies, where random, small 
accretion episodes (e.g., tidally disrupted stars, accretion of molecular clouds) 
might have played a more important role. If this is true, the correlation between 
black hole mass and the bulk Lorentz factor of the jet components found in 
this work implies that the motion velocity of the jet components is probably 
governed by the black hole spin. No correlation is found between the magnetic 
field strength at 10-Rs (Rs — 2GM/c 2 is the Schwarzschild radius) in the jets and 
the bulk Lorentz factor of the jet components for this sample. This is consistent 
with the black hole spin scenario, i.e., the faster moving jets are magnetically 
accelerated by the magnetic fields threading the horizon of more rapidly rotating 
black holes. The results imply that the Blandford-Znajek (BZ) mechanism may 
dominate over the Blandford-Payne (BP) mechanism for the jet acceleration at 
least in these radio-loud AGNs. 
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Introduction 



Only a small fraction of active galactic nuclei (AGNs) are radio-loud (e.g.. lKellermann et al 



19891 ). Relativistic jets have been observed in many radio- loud AGNs, which are believed to 
be formed very close to black holes. The power of jets is supposed to be extracted from the ac- 
cretion disk or the rotating black hole. The currently most favored models of jet formation are 
Blandford-Znajek (BZ) a nd Blandford-Payne (BP) mechanisms (IBlandford fc Znajekl 119771 ; 
Blandford fe Payndll982l ). In the BZ process, energy and angular momentum are extracted 
from a rotating black hole and transferred to a remote astrophysical load by open magnetic 
field lines. In the BP process, the magnetic field threading the disk extracts energy from 
the rotating gas in the accretion disk to power the jet/outflow. The relative importance of 
these two mec hanisms has been extensively explored by many differe nt authors, which is still 



debating (e.g., Moderski fc Sikoralll996l : iLivio et al.lll99a ICaoll201lh . 



The apparent motions of the jet components in AGNs were detected by multi-epoch very 
long- based interferometry (VLBI) observations (e.g., Kellermann et alll2004 ; Lister fc Homan 
20051 ). The Lorentz factor and the viewing angle of the jet component can be derived with 
the measured proper motion of the jet component if the Doppler factor is estima ted. There 
are se veral different approaches applied to estimate the Doppler factor of the jets. iReadhead 
( 119941 ) estimated the equipartition Doppler boosting factor assuming that the sources are 
in equip artition between the e nergy of radiating particles and the magnetic field in the jets 
(also see lGuijosa fc Dalylll996h . The variability Doppler factor is derived on the assumption 
that the associated variability brightness temperature of total radio flux density flares are 
caused by the relativistic jets (jLahteenmaki fc Valtaoja 1999 ). Based on the synchrotron 
self-Compton (SSC) model, the physical quantities in the jets can be estimated by using the 
VLBI observatio ns and the X-ray flux density on the a ssumption of homogeneous spherical 
emission plasma (jMarscherlll987t iGhisellini et al.lll993l ). The inhomogeneous relativistic jet 
model can reproduce both the flat spectrum char acteristics of some AGNs and the depen - 



dence of the core size on the observing frequency (IBlandford fc Konigll Il979c iKonig 



Based on this inhomogeneous jet model, an approach was suggested by IJiang et al. 



1981). 



19981 ) 



to estimate the jet parameters including bulk Lorentz factor T, viewing angle 9, and electron 
number density n e in the jets of AGNs. 

The relation between the jets and the accretion disks were extensively explored in 



many previous works (e.g. , iRawlings et al.lll989l ; ICelotti et al.lll997t ICao fc Jiang||l999l . 12001 



Gu et al.ll2009l ). which indicate the jets are indeed closely linked to the accretion disks, though 
the different jet formation mechanisms are still indistinguishable. The relationship between 
black hole mass and the motion of the jet components for a sample of blazars with mea- 
sured proper motion of jet components by multi-epoch VLBI observations was investigated 
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by IZhou fc Cad (120091 ) . They found a significant intrinsic correlation between black hole 
masses and the minimal Lorentz factors of the jet components, while the Eddington ratio is 
only weakly correlated with the minimal Lorentz factor. They suggested that the BZ mecha- 
nism may dominate over the BP mechanism for the jet acceleration at least in these blazars, 
if massive black holes are spinning more rapidly than their less massive counterparts. 

In this work, we use a sample of radio-loud AGNs with jet parameters estimated with 
the inhomogeneous jet model to re-investigate the relationship of the Lorentz factor of jets 
with black hole mass, the Eddington ratio, or the strength of the magnetic field in the 
jets. The sample and the physical parameters used in this paper are described in Section 2. 
Section 3 contains the results. The last section includes the discussion. The cosmology with 
H Q = 70 km s -1 Mpc -1 , f2 M = 0.3, and Qa = 0.7 have been adopted throughout this work. 



2. Estimate of the jet parameters 

Based on the Konigl's inhomogeneous jet model, the jet parameters including the bulk 
Lorentz factor T, viewing angle 9, and electron number density n e in the jets can be estimated 
with the data of VLBI and X-ray observations. We summarize the inhomo geneous jet model 



and the approa ch used to estimate the jet parameters in this section (see IJiang et al.lll998 



Gu et al.ll2009[ for the details). 



Konigl (1981) constructed an inhomogeneous jet model, in which the magnetic field 
strength and number density of the relativistic electrons are assumed to vary with the dis- 
tance from the apex of the jet r as B{r) = Bi(r / ri)~ m and n c [r^ c ) = rii(r / ri)~ n 'j c ~ ( - 2a+1 ^ 
in the jet, respectively, where r\ — 1 pc and 7 e is the Lorentz factor of the electron in the 
jet. In this jet model, the conical jet with a half opening angle <f) is moving in the direction 
at a viewing angle of 9 with respect to line of sight. The distance r{r Vs = 1), at which the 
optical depth to the synchrotron self-absorption at the observing frequency u s equals unity, 
is given by 

r(T ^ = 1} = (2c 2 («)r 1 n 1 0csc^) 2 /( 2Q+5 ) fcm ( J B 1 5)( 2Q+3 )/( 2a+5 ) fcm (z/ s (l + z))~ l ^\ (1) 

where 02(a) is the constant in the synchrotron absorption coefficient, 8 is the Doppler factor, 
and k m = [2n + m{2a + 3) - 2] /(2a + 5). 

The optically thick VLBI core size corresponds to the projection of the distance r(r Us = 
1), and therefore the VLBI core angular size 9^ is 

r(r Us = l)sin0 
9d = 75 , (2) 
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where D a is the angular diameter distance of the source. 



By integrating the observed intensity over the projected area of the jet, the total optically 
thick flux is 



s(v s 



rf(j)sm9 ci(a) i/ 2 
B 1 u ; 



(4 + m)nDl c 2 (a) 



5/2 



r \ 1/2 / / -i \ \ (4+m)/2 



1 + z 



(3) 



where z/ s is the VLBI observing frequency, and ci(a) and 02(a) are the constants in the syn- 
chrotron emission and absorption coefficients, respectively. The relation between apparent 
transverse velocity /3 app and the bulk velocity of the jet /3c is 







app 



P sin 9 

1 -/3cos0' 



(4) 



Th e X-ra y flux density of the unresolved jet can be calculated with Equation (13) in 



Konigll (Il98ll )'s work. The frequency region v c > f c b( r M) was adopted, where r M is the 
smallest radi us from whic h optically thin synchrotron emission with spectral index a is 
observed (see lKonigllll98ll . for the details). 



Given the three parameters, a, m, and n, the four i ndependent v ariables, n\, Bi, (3, 
and 9 can be derived from Equations (E])-® together with iKonigll (1198 lh 's equation (13) by 
using the data of the VLBI and X-ray observations. The total electron number density n t is 
given by 



7max 



n e (r,7 e )c?7 e . 



(5) 



The model parameters, a = 0.75, m = 1 and n = 2 are adopted in lGu et al.l ( 120091 ) for a jet 
with mass conserved along r. The kinetic power of jet can be calculated with 



4 



J kin 



cos(i/r)]m e ( 7e >r(r-i)/3c 3 , 



for electron-positron jets, and 
4 



kin 



^n lT Mi - cos(i/r)](m c ( 7c ) + m p ( 7p »r(r - l)/3c J 



(6) 



(7) 



for electron-proton jets, where T is the Lorentz factor of the jet, 1/T is the half opening 
angle of the conical jet, m e is the electron rest mass, m p is the rest mass of proton, (7 C ) is 
the average Lorentz factor of electrons, and (7 P ) is the average Lorentz factor of protons. We 
have assumed the positrons have the same energy distribution as the electrons in electron- 
positron jets, which contribute a half portion of the observed emission from the jets. This 
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means that the density n e derived from the observational data based on the inhomogeneous 
jet model is the total number density of the electrons and positrons in the jets. 



The composition of the jet plasma is still an unresolved issue. The lReynolds et al.l (119961 ) 
analyzed VLBI data of M87 and concluded that the co re is probably d omina ted by electron- 
positron plasma. By detecting circular polarization, I War die et al.l ( 119981 ) suggested that 
extragalactic radio jets are composed mainly of elec tron-positron plasma wi th 7 ei mm 5, 10. 



Hirotani 



Consi dering the dynamic and radiation properties, iKino &: Takaharal (120041 ) and 
(120051 ) suggested that the sources they studied are composed of electron-positron plasma. 
The presence of protons and the minimal energy of ele ctrons in the hot spots of the radio 



lobes are constrained by m u lti-waveband observations (IBlundell et al.ll2006t IStawarz et al. 



20071 : iGodfrev et al.l l2009h . ISikora fc Madeiskil (120001 ) suggested that the X-ray spectral 
observations in OVV quasars require the composition of the jets to be a mixture of electrons- 
positrons and protons. The detailed calculations of the pressure of the cocoon in Cygnus 
A did not give a tight constraint on the jet composition, i.e. , either electron- positron or 
electron-proton plasma is possible in the jets of this source (IKino et al.l 120121 ). Faraday 
rotation is sensitive to the plasma composition , which can also be used to constrain the 
composition of jets (e.g.. |Park fc Blackmanll2010l ). It was found that the presence of protons 
is required to ex plain the observed circular polarization and Fara day rotation in radio cores 



[e.g., 



Vitrishchak et al.ll2008l ; iPark Sz Blackmanll2010f ). For electron-proton jets, 



of blazars 

7c,min ~ 100 i s suggested, and the low cut-off energy of jet can be as low as unity for electron- 



positron jets (jCelotti fc Fabianlll993l ). while I War die et al.l ( 119981 ) suggested that the jets are 
electron-positron plasmas with 7 C) mm ^ 10 at least in some sources. For electron-proton 
jets, assuming the inve rse Compton scattering origin of X-ray emission from PKS 0637—752, 
Tavecchio et al.l (120001 ) find that, 7 e , m m = 10, if the seed photon come from radiation field 
external to the jets (e.g., the cosmic microwave background), or 7e im i n = 2 x 10 3 for the 
sychrontron self-Compton case. We note that only the normalization is changed if the 
different plasma composition is considered, which means that most of the statistic results 
derived in this work is independent of the jet composition. The kinetic power derived for 
electron-positron pair plasma is roughly consistent with that derived for electron-proton 
plasma with conventionally used minimal values of electron energy. The bulk kinetic power 
Lk in for an electron-proton jet with 7 Cjm i n = 100 is in agreement with that of electron-positron 
jets with 7 ei mir i = 10 within a factor of 3, as m p = 1836m c and (7 P ) = 1 for electron-proton 
jets (IGu et al.l 120091 ) . We find that the kinetic luminosity Lkin will be reduced by about a 



factor of 3 if 7 e , m in is changed from 10 to 1. The choice of matter composition of jets does 
not change the bulk kinetic power of jet significantly, and most of the statistic analyses are 
not affected by the matter composition of jets. For simplicity, we therefore calculate the 
bulk kinetic power L^ in assuming electron-positron jets with 7 e! min = 10 in this work. 
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3. The sample 



Gu et al.l (120091 ) constructed a sample of 128 sources, of which the jet parameters are 
derived from the VLBI and X-ray data with the Konigl's inhomogeneous jet model. We 
search the literature for the black hole mass measurements, and finally obtain a sample of 
101 sources with measured black hole masses, including 77 quasars, 20 BL Lac objects and 
4 radio galaxies. The black hole masses for most sources in our sample are estimated by 
using an empirical relation between BLR size and ionizing luminosity together with measured 
broad-line widths assuming the BLR clouds being gravitationally bound by the central blac k 
hole (e.g. , IShields et allbood : iLiu et alJliooS Ishen et al.ll20o3 lwull2009l ; Izhou & Cao1l2009h . 
For some sources, especially BL Lac objects or radio galaxies, the black hole masses can be 
estimated from the properties of their host galaxies with either Mbh-c or Msn-L relations, 
where a and L are the stellar velocity d ispersion and the bulge luminosity of the host 



galaxies (e.g., IWoo et al.l l2005t ICaol 120031 ). The black hole masses can also b e estimated 



with the 7-ray variability timescales for some 7-ray blazars flLiang fc Liul 120031) . For a few 



sourc es, the black hole m asses are estimated from reverberation mapping fjPeterson et al. 



20041 ) and stellar kinetics (IPanessa et al.ll2006h (see Table 1). The bolometric l uminosity Lh n i 
is estimated from the total broad-line luminosity by assuming L bol = IOLblr (jNetzerlll990l ). 
All the dat a for the s ample are summarized in Table 1, in which all the jet parameters are 
taken from iGu et aD kp0^ \. 



4. Results 

We plot the relation between black hole mass and the bulk Lorentz factor of the jet 
components in Figure [IJ A strong correlation is found between these two quantities with a 
Spearman rank correlation coefficient r = 0.357 at 99.98 percent confidence level. Using the 
linear regression analysis, the correlation can be expressed as 

logT = (0.20 ± 0.06) logM BH - (0.68 ± 0.52), (8) 

and it becomes 

logT = (0.21 ±0.07) log M BH - (0.70 ±0.61), (9) 

for the quasars in the sample with a correlation coefficient r = 0.376 at 99.92 percent 
confidence level. 

In Figure [H we plot the relation between black hole mass and redshift z, and the 
relation between the bulk Lorentz factor of the jet components and redshift z. It is found 
that both the black hole mass and the Lorentz factor are strongly correlated with redshift 



-7- 



z, which implies that the correlation between black hole mass and the bulk Lorentz factor 
of the jet components may be caused by the common dependence of redshift. We therefore 
choose a sub-sample of the sources in a restricted range of redshift 0.8 < z < 1.2 (see the 
sources between two vertical dotted lines in Figure [2]). No significant correlations are present 
between Mbh and z, or T and z, while a significant correlation between Mbh and T is still 
present for the sources in this sub-sample (see Figure [3] and Table 2). Therefore, we conclude 
that the significant correlation between black hole mass and the bulk Lorentz factor might 
be intrinsic, at least for our present sample, which is confirmed by the partial correlation 
analyses (see Table 2). 

The relation between the Eddington ratio and the bulk Lorentz factor of the jet com- 
ponents is plotted in Figure HI The correlation analysis shows that no significant correlation 
is found between L bol /L Edd and T with a correlation coefficient r = 0.099 at 63.94 percent 
confidence level. 

As the masses of the black holes in this sample are in the range of ~ 10 7 — 1O 1O M , 
we plot the relation of the bulk Lorentz factor of jet T with the magnetic field strength at 
10i?s m Figure 5. No correlation is found between these two quantities with a correlation 
coefficient r = 0.01 at 7.78 percent confidence level. We summarize the statistic results in 
Table 2. 

We define jet efficiency r]j et as 



^kin 



VietM^ c c\ (10) 



where M acc is the mass accretion rate. The mass accretion rate can be estimated from the 
bolometric luminosity, i.e., L hol = 0.1M acc c 2 , and therefore, 

0.1-^kin 

Vict = — T • (11) 

-^bol 

The distribution of the jet efficiency for our sample is given in Figure [6) It is found that the 
efficiencies of some sources are significantly greater than unity, which may be due to a fixed 
7e,min for all sources. The possibility of different values of 7 ejm i n in some individual sources 
cannot be ruled out (see the discussion in Section 2). The relation between the bolometric 
luminosity and the kinetic power of the jet is plotted in Figure [7J The magnetic energy 
density in the jets can be expressed as Ub = B 2 /8tt, and the magnetic energy flux in the jets 
can be calculated with Bfrfc[l — cos(l/r)]r 2 /4. The ratio of the bulk kinetic power L\^ in to 
the magnetic energy flux Lb in the jets is plotted in Figure El 
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Discussion 



We find an intrinsic correlation between the black hole masses and the Lorentz factors of 
the jet components for a sample of radio-loud AGNs, while no significant correlation between 
the Eddington ratios and the Lorentz factors is present for the same sample. No correlation 
is found between the magnetic field strength at a given distance in units of Schwarzschild 
radius in the jet and the bulk Lorentz factor. These results provide useful clues on the 
mechanisms of jet formation and acceleration in radio-loud AGNs. 

Mass accretion in the AGN phas es plays a dominant role in the grow th of massive black 
holes in the centers of galaxies (e.g., ISoltanl Il982l ; iTremaine et al.ll2002l ). As massive black 
holes acquire mass and angular momentum simultaneously through accretion, the black 
holes will be spun up with mass grow th. The mergers of black ho les may also aff e ct the 
spin evolution of massive black holes ( jHughes fc Blandfordl 120031 ). IVolonteri et al.l (120071 ) 
investigated how the accretion from a warped disc influences the evolution of black hole 
spins with the effects of accretion and merger being properly considered and concluded that 
within the cosmological framework, most supermassive black holes in elliptical galaxies have 
on average higher spins than black holes in spiral galaxies, where random, small accretion 
episodes (e.g., tidally disrupted st ars, a ccretion of molecular clouds) might have played a 
more important role. ICao &: Lil ( 120081 ) calculated the black hole mass function of AGN 
relics with the observed Eddington ratio distribution of AGNs, and compared it with the 
measured mass function of the massive black holes in galaxies. They found that the radiative 
efficiencies of most massive accreting black holes are higher than those of less spinning black 
holes. If this is the case, the correlation between Mbh and T found in this work indicates 
that the bulk velocity of jets is mainly regulated by the black hole spin parameter a. The 
kinetic power of the jet is, 

L kiQ = rM jet c 2 , (12) 

where Mj e t is the mass loss rate in the jet. If the jet is powered through the BZ process, we 
have 

£kin ~ L BZ oc M BH a 2 , (13) 



for a radiation pressure dominated accretion disk surrounding a rotating black hole ( iGhosh &: Abramowicz 

19971 ). where a is the black hole spin parameter. Combining Equations (11) and (12), we 

have 



T oc 



M 



jet 



Mi 



(14) 



BH 



This indicates that the Lorentz factor of the jet T should be anti-correlated with M acc /MBH 
if Mj et oc M acc , which seems to be inconsistent with our statistic results. It implies that 
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such a jet formation model for a radiation pressure dominated accretion disk may not be 
applicable for the blazars considered in this work. In fact, the structure of the radiation 
pressure domin ated accretion d isks should be altered signific antly in the presence of strong 
magnetic fields fjLi fc Caoll2012l ). which was not considered in lGhosh fc Abramowiczl ( 119971 ). 



Recent numerical simulations show that an accretion flow can evolve into a magnetically 
arreste d flow, and at this state the outflow efficiency can be extremely high (as high as > 
100%) JTchekhovskov et alJlioill iMcKinnev et alJljoii iTchekhovskpy fc McKinnevll2012h . 
The strength of the field i n the magnetically ar rested accretion flow can be estimated as 
JTchekhovskov et alllioill IMcKinnev et al.ll2012h . 



If the jet is powered through the BZ process, we have 



7 kin 



2„2 



L BZ oc M'B'a 



(15) 



(16) 



where a is the black hole spin parameter. Combining Equations ( !T5|) and ffTBT) . we obtain 

(17) 



L kin oc M acc a 2 , 



which implies 



Viet oc a 



Hence, the efficiency of the jet production does not depend on the accretion rate of the disk. 
Substitute Equation (|T7|) into (IT2"|) . we have 



-p M acc 2 2 
1 oc — — a oc a , 



(19) 



jet 



if the mass loss rate in the jets M- ]et is assumed to be proportional to the mass accretion 
rate M acc . The correlation between black hole mass and the bulk Lorentz factor of the 
jet components found in this work implies that the motion velocity of the jet components 
is probably governed by the black hole spin, if the massive black holes are spinning more 
rapidly than the less massive counterparts. This is consistent with the magnetically arrested 
accretion flow model (see Equation [T9l . The bulk Lorentz factor of the jets is predicted to 
be independent of the accretion rate in this model, which is also consistent with our statistic 
results (see Figure HJ). 

In Figure [8] we find that the magnetic energy flux is far less than bulk kinetic power. 
As discussed in Section 2, the kinetic luminosity L^ n will change with a factor of 3 if an 
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electron-proton jet with 7 m i n = 100 is assumed, so the kinetic energy flux always dominates 
over magnetic energy flux in the jets of this blazar sample. 

In inhomogeneous jet model, the relativistically moving plasma expands uniformly, 
which suffers adiabatic losses. The electron energy in the jet at parsec scales requires electron 
acceleration, otherwise huge energy of electrons is required at the base of jet. The magnetic 
field in the jet may be the energy reservoir for electrons. We see in figure M that a few sources 
have magnetic field energy larger than the kinetic energy of particles. However, in either 
case of the matter content, most of the sources have kinetic energy of electrons exceeding the 
magnetic energy. From equation [7] we see that the ratio between proton energy and electron 
energy is 7Ti p /(7 c . m i n m c ), which is larger than unity in all cases of minimum electron energy 
discussed in Section 2. Thus, the only energy source for accelerating electrons should be 
the kinetic energy of protons and such acceleration process would occur in shock process. 
The electrons are preheated up to average energy of protons heated in the shocks, and then 
the e nergy is converted from protons to electrons in the diffusive shock acceler ation process 



[e.g.. lAmato fc Aronsll2006l ; lAmano fc Hoshinoll2009l ; ISironi fc Spitkovskyll201ll ). Several au- 
thors have investigated these scenarios, both analytically and in particle-i n-cell simulations 
( lAmato fc Aronsll2006l ; lAmano fc Hoshinoll2009l ; ISironi &: Spitkovskyll201ll ). From this point 
of view, the electron-proton content is preferred for this sample of radio loud quasars, or at 
least the electron-proton dominates dynamically over the electron-position pair content. As 
discussed that in Section 2, only the normalization is changed if the different plasma com- 
position is considered, which means that most of the statistic results derived in this work is 
independent of the jet composition. 

No correlation is found between the Eddington ratio and the Lorentz factor of the jet, 
which implies that the jet acceleration may not be related to the properties of the accretion 
disk. The results imply that the BZ mechanism m ay dominate over the BP mechanism for 
jet acceleration at least in radio-loud. lLaorl (120001 ) found that the black holes in RL AGNs 
are systematically heavier than those in radio-quiet counterparts, which may imply that 
heavy black holes are spinning rapidly, and therefore the jets can be easily accelerated by 
the field lines threading the horizons of these black holes. This is roughly consistent with 
the conclusion of this work. 

The origin of the chaotic magnetic fields in the jets is still unclear. The jets are accel- 
erated by the magnetic fields near the black hole horizon or those threading the rotational 
accretion disk. It is therefore reasonable to postulate that the strength of the field in the 
jets is related to the field driving the jets in some way. No significant correlation is present 
between the magnetic field strength at 10i?s and the bulk Lorentz factor of the jet compo- 
nents T. The independence of the bulk velocity of the jets on the magnetic field strength 
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implies that the Lorentz factor of the jet components is mainly governed by the black hole 
spin. 
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Table 1. Data for the sample. 
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Table 1 — Continued 



Source Class z log T rt\ B\ log Mbh Refs. log Lblr 

(cm~ 3 ) (gauss) (M ) (erg s" 1 ) 

(1) (2) (3) (4) (5) 1 (6) ' (7) (8) (9) 
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Table 1 — Continued 



Source Class z log T n\ B\ log Mbh Refs. log Lblr 

(cm -3 ) (gauss) (M ) (erg s" 1 ) 

(1) (2) (3) (4) (5) ^ (6) (7) (8) (9) 
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Table 1 — Continued 



Source 


Class 
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Note. - Column (1): IAU name; Column (2): classification of the source 
(Q=quasars; Qc=core-dominated quasars; Ql=lobe-dominated quasars; Qp=GHz 
peaked quasars; BL=BL Lac objects; G=radio galaxies). Column (3): redshift. Col- 
umn (4): the jet Lorentz factor T. Column(5): density of electrons U\. Column(6): 
magnetic field strength. Column (7): black hole mass. Column (8): references for 
black hole mass. Column (9): the total luminosity in broad emission lines Lblr- 
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Table 2. Spearman Partial Rank Correlation Analysis of the Sample 
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Correlation^, B 


Variable: C 
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level(%) 






(1) 
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M BH ,r 
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0.357 
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2.41 
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r> 


M BH 
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73.54 










M BH ,z 


r 


0.132 


45.01 







Note. - Here tab is the rank correlation coefficient of the two variables, and tab,c is the 
partial rank correlation coefficient. Column (6) is the significance level of the rank correlation. 
Column (8) is the significance of the partial rank correlation equivalent to the deviation from a 
unit variance normal distribution if there is no correlation present. 
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Fig. 1. — The relation between black hole mass and the bulk Lorentz factor of the jet 
components. The circles represent quasars, and the triangle represents BL Lac objects, 
while the crosses represent radio galaxies. The solid line is the fitted line for the whole 
sample using the least square method while the dot-dashed line is fitted for quasars only. 
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Fig. 2. — The relation between black hole mass and redshift z (the upper panel). The lower 
panel is the relation between the bulk Lorentz factor of the jet components and redshift z. 
The two vertical dotted lines correspond to z — 0.8 and 1.2, respectively. 
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Fig. 3. — The relation between black hole mass and the bulk Lorentz factor of the jet 
components for the sub-sample of the sources with redshift 0.8 < z < 1.2. The symbols are 
the same as Figured! 
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Fig. 4. — The relation between the Eddington ratio and the bulk Lorentz factor of jet. The 
symbols are the same as Figure [TJ 
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Fig. 5. — The relation between magnetic field strength at 10-Rs an d the bulk Lorentz factor 
of jet. The symbols are the same as Figure [TJ 
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Fig. 6. — The distribution of jet efficiency r]^ (solid line: quasars, and dotted line: BL Lac 
objects). 
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Fig. 7. — The relation between bolometric luminosity and kinetic power of jets. The line 
correspond to jet efficiency of r]—l. The symbols are the same as Figured! 
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Fig. 8. — The distribution of radio between magnetic energy flux and bulk kinetic power 
(solid line: quasars, and dotted line: BL Lac objects). 



